Successful cellular reproduction requires accurate duplication and partitioning (segregation) of the genome. Failure to correctly partition the sister genomes results in aneuploidy. The consequences of these errors range from loss of normal cellular function (e.g., the loss of normal growth controls in tumor cells) to cell death. In prokaryotes with a single chromosome, partitioning failures are fatal for at least one of the two daughter cells; a so-called anucleate cell forms when one daughter receives no chromosome and the other daughter receives two chromosomes.
Several findings in recent years have fundamentally altered our view of chromosome partitioning in prokaryotes (for review, see Gerdes et al. 2000; Gordon and Wright 2000; Hiraga 2000; Møller-Jensen et al. 2000; Donachie 2001; Sawitzke and Austin 2001) . The flurry of new observations was ignited by adaptation of cell biological techniques used in eukaryotes (immunofluorescence, GFP, and fluorescent in situ hybridization) for use in prokaryotes Pogliano et al. 1995; Webb et al. 1995; Niki and Hiraga 1998) . This review focuses on chromosome partitioning in bacteria that have a single circular chromosome, specifically, the gram-positive organism, Bacillus subtilis, and the gramnegative organisms, Escherichia coli and Caulobacter crescentus. In these bacteria, DNA replication initiates once per cell division cycle from a specific chromosomal locus, oriC, and proceeds bidirectionally to terminate in a defined region opposite the origin, terC (Fig. 1) . The basic components of the DNA replication machinery are highly conserved in bacteria (Kornberg and Baker 1992) ; in fact, these basic components are functionally conserved from bacteria to mammals (Baker and Bell 1998) .
Fundamental differences exist between chromosome partitioning in eukaryotes and prokaryotes. In eukaryotes, chromosomes are duplicated in S phase, and sister chromosomes remain together during G 2 . Chromosome partitioning occurs during M phase, when sister chromosomes are lined up on a metaphase plate, separated from each other, and finally segregated in opposite directions by the combined action of the microtubular spindle and mitotic motors.
In contrast to the temporal separation of chromosome replication and partitioning in eukaryotes, regions of the bacterial chromosome, starting with the origin, appear to be partitioned soon after duplication, whereas the remainder of the chromosome awaits replication (Glaser et al. 1997; Gordon et al. 1997 ; Lewis and Errington 1997; Lin et al. 1997; Mohl and Gober 1997; Webb et al. 1997 Webb et al. , 1998 Niki and Hiraga 1998; Sharpe and Errington 1998; Teleman et al. 1998; Jensen and Shapiro 1999; Niki et al. 2000) . Thus, in bacteria, DNA replication, chromosome refolding, and chromosome partitioning are concurrent. Given these differences, it is not surprising that there is no evidence that bacteria contain eukaryotic-like mitotic spindles or mitotic motors. As discussed below, it appears that bacteria with circular chromosomes probably power chromosome partitioning differently from eukaryotes. This may be possible because of the much smaller distances that chromosomes move in bacteria.
Many bacteria, including B. subtilis and E. coli, are capable of dividing in one-half to one-third of the time it takes to duplicate the genome. To accomplish this, new rounds of DNA replication are initiated before a previous round is completed, giving the replication cycle a head start on the division cycle. This results in cells with multiple bidirectional DNA replication forks (so-called multifork replication), multiple copies of oriC (2, 4, or 8) , but only a single, unduplicated terminus region (Fig. 2) . Soon after duplication, sister origins are each partitioned in opposite directions. Thus, during multifork replication, bacteria contain positional information regarding not only the current medial division site, but also the future division planes (the cell quarters and cell eighths). Other bacteria, for example C. crescentus, are not known to be capable of multifork replication and do not have more than two copies of the origin per cell. Recent studies have revealed common mechanisms involved in chromosome partitioning, along with differences in some of the details between organisms.
This review summarizes the following recent findings that have contributed new insights into the mechanism by which bacteria accomplish accurate chromosome partitioning. First, the bacterial chromosome has a defined orientation within cells, and individual regions move during the cell cycle to achieve this orientation. Soon after duplication, the two new origins move to positions in opposite halves of the cell, whereas the unduplicated terminus region is centrally located (Fig. 1) Webb et al. 1997 Webb et al. , 1998 Niki and Hiraga 1998; Teleman et al. 1998; Jensen and Shapiro 1999; Niki et al. 2000) . Second, B. subtilis and probably E. coli have a centrally located replication factory through which the DNA template moves during duplication Grossman 1998, 2000; Koppes et al. 1999 ). Third, homologs of eukaryotic structural maintenance of chromosomes (SMC) proteins are necessary for accurate chromosome partitioning (Niki et al. 1991; Britton et al. 1998; Moriya et al. 1998; Jensen and Shapiro 1999; Graumann 2000) ; in addition, homologs of plasmid partitioning proteins enhance this accuracy (Ireton et al. 1994; Mohl and Gober 1997) . Finally, several terminus regionspecific mechanisms exist to ensure that once replicated, the sister terminus regions are properly separated when medial cell division is complete (Baker 1995; Hill 1996; Bussiere and Bastia 1999; Donachie 2001; Lemon et al. 2001; Sawitzke and Austin 2001) .
Chromosome orientation
Evidence that the chromosome has a defined orientation within the cell has put to rest the notion that bacteria are simply bags of protein and DNA with little internal organization ( Fig. 1) (Levin and Grossman 1998; Losick and Shapiro 1999) . Origin region positioning has been determined in B. subtilis, E. coli, and C. crescentus in both live and fixed cells using a variety of methods and various origin region markers. Soon after duplication, origin regions separate from each other and move to opposite sides of the cell (Glaser et al. 1997; Gordon et al. 1997; Lewis and Errington 1997; Lin et al. 1997; Mohl and Gober 1997; Webb et al. 1997 Webb et al. , 1998 Niki and Hiraga 1998; Sharpe and Errington 1998; Teleman et al. 1998; Jensen and Shapiro 1999; Niki et al. 2000) . The origin regions of E. coli and C. crescentus appear to then reside close to opposite cell poles for the bulk of the cell cycle Niki and Hiraga 1998; Jensen and Shapiro 1999; Niki et al. 2000) . The B. subtilis sister origins, however, are located at or near the cell quarter positions (Sharpe and Errington 1998; Lin 1999) , sites that will become mid cell following cell division. Presently, there is conflicting evidence as to whether DNA replication initiates at mid cell (or positions that will become mid cell) or near a cell pole (Imai et al. 2000; Lemon and Grossman 2000) . However, considering the position of the DNA polymerase (see below), the simplest model is that the origin is duplicated at mid cell. Long after the sister origins have taken up residence in opposite halves of the cell, the unduplicated terminus region remains at mid cell Webb et al. , 1998 Niki and Hiraga 1998; Teleman et al. 1998; Jensen and Shapiro 1999; Niki et al. 2000; Lemon et al. 2001) . Just before medial cell division, the two new copies of the terminus region are found flanking mid cell. Following division, the terminus appears to be repositioned from the cell pole to mid cell in daughter cells . How this occurs is not clear, but it suggests the possibility that the terminus region contains its own positioning information.
In B. subtilis and E. coli, chromosomal regions between the origin and terminus regions are generally found between them in the cell Niki et al. 2000) . The molecular details of how the origin and terminus are positioned are not known; however, the origin regions of B. subtilis and E. coli are enriched in membrane fractions, as is the B. subtilis terminus (Winston and Sueoka 1980; Firshein 1989; Kornberg and Baker 1992; Sueoka 1998) . These findings are consistent with a model in which the origin and terminus regions of the chromosome are membrane anchored, Figure 1 . A simplified model of the bacterial cell cycle. DNA (dark gray lines), origin (oriC, gray circles), terminus (terC, dark gray square), replisome (overlapping triangles, one for each replication fork), cytokinetic ring (dashed line). In this model, DNA replication initiates at or near mid cell. The sister origins rapidly separate from each other and become anchored on opposite halves of the cell. DNA replication continues followed closely by refolding of newly replicated DNA until there are two complete and separate chromosomes. Finally, the cell divides medially. The model is simplified to ignore multifork replication. Figure 2 . A model of a circular chromosome that is undergoing multifork replication in a rod-shaped bacterium. The cell contains four copies of the origin region (gray circles). The initial round of replication in the middle is duplicating the parental chromosome (thin black) to generate the gray copies. A second round has begun at the quarters, duplicating the daughters (gray) to generate the granddaughters (thin black). The cell contains four copies of the origin region (gray circles), located approximately at the one-, three-, five-, and seven-eighth positions along the cell length, and a single copy of the terminus region (dark gray square) located near mid cell. whereas intervening regions have more positional flexibility.
A central replication factory
The visualization of DNA polymerase in live cells of B. subtilis has altered our view of chromosome partitioning Grossman 1998, 2000) . B. subtilis has a centrally located replisome (the multiprotein complex, including the polymerase, helicase, and associated proteins that are present at the replication forks) through which the DNA template is pulled, duplicated, and released outward during replication. A functional fusion of the catalytic subunit of B. subtilis DNA polymerase to GFP (PolC-GFP) is located at or near mid cell in live cells during DNA replication (Lemon and Grossman 1998) . PolC-GFP foci disappear when ongoing rounds of DNA replication finish, and the number of foci per cell increases as expected during multifork replication. In addition, other subunits of DNA polymerase, including , which dimerizes the catalytic subunits, and ␦Ј, a component of the sliding clamp loader (for reviews, see Kornberg and Baker 1992; Yoshikawa and Wake 1993; Kelman and O'Donnell 1995; Baker and Bell 1998) , localize in a similar manner (Lemon and Grossman 1998) .
Another set of experiments in B. subtilis indicates that after the initiation of replication, the DNA template moves to the central DNA polymerase, is replicated, and then the two copies of each region move in opposite directions away from the cell center. Specific regions of the chromosome can be visualized using a fusion of Lac repressor to GFP (LacI-GFP) bound to an array of Lac operators (lacO) inserted into the desired location on the chromosome Straight et al. 1996; Gordon et al. 1997; Webb et al. 1997; Belmont and Straight 1998) . In a roughly synchronous population of cells, a chromosomal region midway between oriC and terC appears to move to the replisome just before replication (Lemon and Grossman 2000) .
In addition, when replication is arrested in a specific region of the chromosome, that region is found at mid cell, coincident with the centrally located replisome (Lemon and Grossman 2000) . Shortly after release of the replication arrest, there are two copies of the region on opposite halves of the cell whereas the replisome remains located near mid cell (Lemon and Grossman 2000) . The replication arrest experiments took advantage of elegant work characterizing the effects of amino acid starvation on DNA replication. On amino acid starvation (induction of the stringent response), a reversible DNA replication arrest occurs in B. subtilis in regions ∼100-130 kbp to the left (LSTer, left stringent terminus region) and ∼150-200 kbp to the right (RSTer) of the origin of replication (Levine et al. 1991 (Levine et al. , 1995 Autret et al. 1999) . Replication resumes in the STer regions when amino acids are added back to the cells. Starvation for an amino acid activates the production of the alarmone, (p)ppGpp by the relA gene product, which induces the pleiotropic stringent response in many bacteria (Cashel et al. 1996; Wendrich and Marahiel 1997) . The stringent arrest of DNA replication at sites away from the origin has only been characterized in B. subtilis.
Recent evidence indicates that E. coli also has a centrally located replication factory. Newly duplicated DNA, detected by pulse labeling with [ 3 H]thymidine, is located at cell center in a majority of cells, indicating that DNA replication occurs centrally (Koppes et al. 1999) . Additional supporting evidence is provided by the localization of SeqA, a protein that binds newly duplicated hemimethylated DNA at GATC sites (Slater et al. 1995) during the few minutes before methylation of the newly synthesized DNA strand (Campbell and Kleckner 1990) . Note that B. subtilis does not have SeqA or methylation at GATC sites (Kunst et al. 1997) . SeqA forms either one centrally located focus or two foci, one in each half of the cell, and focus formation depends on the GATC methylase Onogi et al. 1999) and DNA replication . Although SeqA also specifically binds to the origin or replication (Slater et al. 1995) , SeqA foci do not appear to colocalize with oriC ). It appears that the bulk of the ∼1000 SeqA molecules (Slater et al. 1995) in an E. coli cell bind to newly duplicated DNA that has just exited the replisome (Brendler et al. 2000) . Brendler et al. (2000) propose that SeqA, a membrane-associated protein, helps organize and tether newly duplicated DNA against the cytoplasmic face of the membrane in a manner that facilitates partitioning. Eventually, the central SeqA focus duplicates, the two new foci flank the FtsZ ring (presumed cytokinetic ring), and then the SeqA foci rapidly move to opposite cell quarter positions Onogi et al. 1999) . It has been suggested that this SeqA movement represents translocation of the replication factory before completion of chromosome duplication (Hiraga 2000; Hiraga et al. 2000) . Alternatively, it may be that the SeqA duplication and separation corresponds with that of the terminus region. It would be interesting to compare the position of the terminus and SeqA in E. coli.
The position of newly duplicated DNA, as indicated by SeqA, and the similarity between the localization patterns of SeqA in E. coli ) and DNA polymerase in B. subtilis (Lemon and Grossman 1998) are consistent the notion that E. coli has a centrally located replication factory. However, definitive localization of the E. coli replicative DNA polymerase will be the critical factor allowing us to finally distinguish between the various models for DNA replication and chromosome partitioning currently in the literature. Replication factories that spool DNA appear to be a common theme in biology because evidence exists that eukaryotic DNA polymerases are in foci that are probably stationary (Hozak et al. 1993; Newport and Yan 1996; Cook 1999; Leonhardt et al. 2000 ; references therein).
The extrusion-capture model
In light of the position of DNA polymerase, we propose that B. subtilis, and probably many bacteria, harness the energy released during replication by the replication facFactory model for DNA replication and partitioning tory to power, at least in part, partitioning of newly duplicated chromosomal regions Grossman 1998, 2000) . In this model (Fig. 3) , the replisome pulls the DNA template into the cell center, duplicates it, and then releases the products into opposite halves of the cell. Movement away from the replication factory is kept orderly by proteins involved in chromosome organization, compaction, and supercoiling. We speculate that a transient association of newly duplicated DNA with the inner face of the membrane, as suggested for E. coli (Brendler et al. 2000) , or a system for imparting increased structure and rigidity to the origin region, possibly Spo0J-parS (see below), might facilitate poleward origin region migration.
For years, the replicative DNA polymerase was thought to move itself along the DNA, like a train on a track. However, our current view is that the replisome is the engine involved in spooling the chromosome through a replication factory. In thinking about the replisome and polymerases as motor proteins, it is worth noting that the force generated during transcription by a single stationary RNA polymerase is ∼25 picoNewtons , indicating that RNA polymerase is a more powerful motor than either myosin or kinesin (for reviews, see Block 1998; Goldman 1998; Cook 1999; Mehta et al. 1999; Vale and Milligan 2000) . The rate of replication is ∼10-fold greater than the rate of transcription, and together, DNA polymerase and the replicative DNA helicase likely contribute to template movement.
A critical aspect of the extrusion-capture model is that once released outward from the replisome, the origins are captured and held on opposite sides of the cell, possibly via a membrane-associated anchor. In this model, it is possible that the DNA sites and proteins involved in movement are distinct from those involved in positioning (in contrast to eukaryotic centromeres). However, for simplicity we favor a model in which the origin itself, or sites near the origin, contain information needed for proper positioning. We postulate that some of the proteins involved in the initiation of replication are also involved in origin positioning. In B. subtilis, one such candidate is the dnaB gene product (not related to the helicase encoded by E. coli dnaB). B. subtilis dnaB encodes a membrane protein that is required for the initiation of replication and for enrichment of the origin region in membrane fractions (Winston and Sueoka 1980; Hoshino et al. 1987; Sueoka 1998) . It participates (with two other proteins, DnaD and DnaI) in loading of the replicative helicase (B. subtilis DnaC) (Bruand et al. 1995) and is found in other low G + C, gram-positive bacteria, including Staphylococcus aureus, Enterococcus faecalis, but not in E. coli and other gram-negative bacteria. Perhaps B. subtilis DnaB and/or other initiation proteins help to establish (capture) and/or maintain positioning of the origin region at the cell quarters. These or additional factors might also contribute to the rapid movement of sister origin regions, possibly by restricting movement in two dimensions.
After origin region capture, the bulk of chromosome partitioning can be achieved by a combination of ongoing DNA replication and chromosome recompaction/refolding. Finally, specialized mechanisms exist to ensure that sister terminus regions are not caught in the division septum (see below).
Bacterial SMC and chromosome compaction
Chromosome compaction and organization are clearly important for partitioning, and deletion of genes whose products play a role in these processes can have devastating effects. SMC proteins, first identified in eukaryotes, also function in chromosome compaction and segregation in bacteria and archaea (for review, see Graumann 2001). Many bacteria encode a single SMC (Britton et al. 1998; Melby et al. 1998; Moriya et al. 1998; Hirano 1999) , and most of those that lack SMC instead encode a homolog of E. coli MukB, which is a functional analog of SMC (Melby et al. 1998) . SMC proteins consist of an amino-terminal nucleoside triphosphate (probably ATP) binding domain, two coiled-coil domains separated by a flexible hinge, and a carboxy-terminal domain, which binds DNA and has a conserved "DA-box" motif (for reviews, see Koshland and Strunnikov 1996; Hirano 1999; Graumann 2001) . B. subtilis SMC is an ATPase, binds DNA, and functions as an antiparallel homodimer with the ATP binding site made up of surfaces from both the amino-and carboxy-terminal domains with one domain contributed by each subunit of the homodimer (Hirano and Hirano 1998; Melby et al. 1998; van den Ent et al. 1999; Löwe et al. 2001 ). E. coli MukB has a similar domain structure but lacks the DA-box. Electron microscopy of B. subtilis SMC and E. coli MukB reveals strikingly similar structures: two globular domains separated by a long rod-like domain with a flexible hinge in the middle (Niki et al. 1992; Melby et al. 1998) .
smc null mutants appear to have a defect in chromosome organization that results in a secondary defect in chromosome partitioning. B. subtilis smc null mutants are temperature-sensitive lethal in rich growth medium. Under permissive conditions, ∼10% of the smc mutant cells are anucleate, and the rest frequently display abnormal nucleoid morphology and mislocalization of the origin region (Britton et al. 1998; Graumann et al. 1998; Moriya et al. 1998; Graumann 2000) . (The bacterial chro- Figure 3 . The extrusion-capture model for bacterial chromosome partitioning. After the origin region is replicated, the two sister origins (light gray circles) are extruded from (arrows pointing toward cell poles) the centrally located replisome (overlapping triangles) and captured on opposite halves of the cell at or near the cell quarters. The terminus region (dark gray square) remains at mid cell until it is duplicated. mosomal mass, which during growth consists of 1+ genome equivalents and associated proteins, is referred to as the nucleoid.)
E. coli MukB acts in concert with two other proteins, MukE and MukF. mukE and mukF are in an operon with mukB (Yamanaka et al. 1996) , and a complex of MukB, MukE, and MukF can be immunoprecipitated . Null mutants in any of these genes display temperature-sensitive lethality (Niki et al. 1991; Yamanaka et al. 1996) . At permissive temperatures, mukB mutants produce ∼5% anucleate cells (Niki et al. 1991) .
C. crescentus smc null mutants are not viable in rich medium and are temperature sensitive in minimal medium (grows at Յ25°C; Jensen and Shapiro 1999). Under restrictive conditions, C. crescentus mutants have abnormal nucleoids, and the origin region is mislocalized in a subpopulation of cells (Jensen and Shapiro 1999) . However, in contrast to the B. subtilis smc (Britton et al. 1998; Moriya et al. 1998 ) and E. coli mukB (Niki et al. 1991) mutants, the C. crescentus smc mutant produces few anucleate cells under permissive conditions (Jensen and Shapiro 1999) . Instead, mutants arrest at a predivisional cell stage, suggesting that C. crescentus has a cell cycle checkpoint for detecting disruption of chromosome organization (Jensen and Shapiro 1999) .
Based on structural similarity with motor proteins, it was originally postulated that MukB would act as a partitioning motor. Recent data have altered this view. First, the antiparallel arrangement of the subunits in the homodimer argues against directional movement (Melby et al. 1998 ). Second, time-lapse microscopy reveals that the B. subtilis origin regions move similarly in smc null and wild-type cells (Graumann 2000) . Third, mutations in topoisomerase I (topA) suppress the mukB phenotype , and mukB strains are hypersensitive to gyrase inhibitors (Weitao et al. 1999; Sawitzke and Austin 2000) . Topoisomerase I mutants have an increase in the level of negative supercoiling because of the unopposed action of gyrase, whereas gyrase inhibitors decrease the amount of negative supercoiling. The suppression of mukB by topA has led to a new model in which the function of MukB is to organize the chromosome into a higher order structure by constraining supercoils (Holmes and Cozzarelli 2000; Sawitzke and Austin 2000) . Additionally, the appearance and positioning of SeqA foci is abnormal in mukB null mutants, supporting a role for MukB in chromosome organization Onogi et al. 1999 ). The partitioning defect in mukB and smc mutants is probably a secondary consequence caused by defects in chromosome compaction and organization.
In addition to SMC (MukB), other proteins are involved in chromosome compaction and organization. Many bacteria have one or more abundant, basic, sequence nonspecific DNA binding proteins involved in chromosome organization, e.g., the histone-like E. coli HU and B. subtilis HBsu proteins (for review, see Trun and Marko 1998) . However, the primary structural unit of bacterial chromosome organization and compaction remains elusive. There is no evidence for eukaryotic-like nucleosomes, yet somehow, bacteria efficiently package a large amount of DNA into a small volume. For example, the 4200 kb B. subtilis chromosome, with a contour length of ∼1 mm, fits neatly into a cell 2-4 µm in length and ∼0.5 µm in diameter. In addition to bulk chromosome organization, recent models have suggested that specific chromosomal regions may undergo additional organization, such as the proposed effect of SeqA on newly replicated DNA (Brendler et al. 2000) .
Par proteins and origin region partitioning
Chromosomal homologs of the plasmid Par system enhance accurate chromosome partitioning; however, their exact function remains to be determined. One of several possibilities is that the chromosomal Par system organizes the origin region into a higher order structure, not present in the rest of the chromosome, which facilitates partitioning. The Par system was first identified in the low copy E. coli plasmids, P1 (parABS) and F (sopABC) (Ogura and Hiraga 1983; Abeles et al. 1985) . Several unicopy or low copy plasmids depend on homologs of ParA, ParB, and the cis-acting parS site for stable maintenance. There are several recent detailed reviews of the Par system Gordon and Wright 2000; Hiraga 2000; Møller-Jensen et al. 2000) and what follows is a brief summary.
The two par genes are in an operon adjacent to the cis-acting DNA site, parS. The ParA family member is a Walker-type ATPase and a DNA-binding protein, often functioning as a transcriptional repressor of the parAB operon. ParA interacts with the ParB-parS complex and is required for accurate plasmid partitioning. The ParB family member binds to parS and modulates both the ATPase and transcriptional repressor activity of ParA. It appears that ParB binding to parS can nucleate ParB binding over a large region of adjacent DNA. This nucleation can result in transcriptional silencing of adjacent genes. Exactly how the various activities of ParA and ParB-parS achieve plasmid partitioning is not clear, though part of the process must involve plasmid movement to, and positioning at, defined cellular positions. P1 and F plasmids localize to mid cell and after duplication, to both cell quarter positions (future mid-cell positions) Niki and Hiraga 1997) . Deletion of the par cassette (sopABC) from the mini-F genome results in random plasmid localization, primarily in regions without nucleoids in fixed cells (Niki and Hiraga 1997) . P1 ParB localizes as discrete foci with a pattern similar to that of the plasmid. ParB focus formation requires parS, and proper ParB-parS localization depends on parA (Erdmann et al. 1999) . New evidence indicates that ParA is membrane associated; therefore, it might help tether the ParB-parS complex at specific cellular positions (Lin and Mallavia 1998) . Most models presume that there is a host receptor for the plasmid Par complex, but one has yet to be identified. Recent experiments show that some multicopy plasmids also localize, as clusters, at mid cell and cell quarters (Pogliano et al. 2001) . These plasmids Factory model for DNA replication and partitioning lack the Par system, and how they localize is of great interest.
Chromosomal homologs of the plasmid Par system have been identified by sequence analysis in many bacterial species and are uniformly located in the origin proximal region of the chromosome (Ireton et al. 1994; Lin et al. 1997; Mohl and Gober 1997; Lin and Grossman 1998; Gerdes et al. 2000; Hiraga 2000; Yamaichi and Niki 2000) . Analysis of ParA and ParB sequences shows that each protein family consists of two subfamilies, the chromosomal Par proteins and the plasmid Par proteins Yamaichi and Niki 2000) . Interestingly, E. coli and Haemophilus influenzae, which encode MukBEF homologs rather than SMC homologs, both lack ParAB family members (Britton et al. 1998; Gerdes et al. 2000) .
The B. subtilis ParA and ParB homologs were first identified for their regulatory role during initiation of sporulation, a fact that is reflected in their names, Soj and Spo0J (Piggot and Coote 1976; Ireton et al. 1994; Quisel et al. 1999; Quisel and Grossman 2000) . Spo0J (ParB) binds to at least eight parS sites located in the origin proximal 20% of the chromosome . Spo0J binding to parS in the origin proximal region forms a large nucleoprotein complex that is visible using either immunofluorescence or a functional Spo0J-GFP fusion, which is a good marker for origin position (Glaser et al. 1997; Lewis and Errington 1997; Lin et al. 1997; Sharpe and Errington 1998; Teleman et al. 1998) . The appearance of a single Spo0J focus per origin region suggests that Spo0J binding to the parS sites organizes the origin region in such a way to bring most or all of the parS sites together. Note that the most distal parS sites are ∼800 kbp apart .
Spo0J binding to parS somehow contributes to accurate chromosome partitioning. spo0J null mutants produce 1%-2% anucleate cells (Ireton et al. 1994 ) and a spo0J smc double mutant has a synthetic defect in partitioning (Britton et al. 1998) . Together, Spo0J and parS can stabilize a low copy plasmid in B. subtilis . Although null mutants of the B. subtilis parA homolog, soj (suppressor of spo0J during sporulation), have little or no chromosome partitioning defect (Ireton et al. 1994) , Soj enhances the ability of Spo0J-parS to stabilize a plasmid and may contribute to the formation of Spo0J foci (Marston and Errington 1999) . Spo0J, parS, and Soj can also partially substitute for sopABC to stabilize and properly position a mini-F plasmid in E. coli . This suggests that either the Par system alone is sufficient for partitioning of a plasmid or that any additional host factors are highly conserved.
It has been tempting to call the chromosomally encoded ParB (Spo0J) a centromere-binding protein and its binding site, parS, a bacterial centromere. However, we prefer avoiding the term centromere when describing bacterial chromosome segregation. For many, the term centromere implies a cis-acting sequence to which proteins involved in moving the chromosome attach and perhaps more significantly, implies that parS is critical for chromosome partitioning. Although the Par system plays an important role in chromosome partitioning, it is clearly not essential, except in C. crescentus. Overexpression of ParA or ParB in C. crescentus disrupts normal ParA and ParB localization and results in approximately 5% anucleate cells (Mohl and Gober 1997) . It is possible that many conserved bacterial proteins involved in chromosome partitioning that are nonessential in other bacteria will be essential in C. crescentus because of its rigid cell cycle and possible cell cycle checkpoints (Jensen and Shapiro 1999) . In stark contrast to C. crescentus, E. coli and H. influenzae have no parABS. In addition, although B. subtilis has parABS, origin region localization is similar in spo0J(parB) null mutants and wild-type cells Lin 1999) , and origin region movement is unaffected in a majority of spo0J cells (Webb et al. 1998) , inconsistent with the notion that ParB (Spo0J) functions as a centromere-binding protein. Thus, to avoid unwarranted inferences, we suggest avoiding the term centromere until there is evidence for a direct analogy to its meaning in eukaryotes.
The nucleoprotein structure formed when Spo0J binds to all or most of the parS sites may impart to the origin region a unique higher order chromosome organization. Several recent findings support this model. During sporulation of a spo0J soj double mutant, multiple foci of both the origin and terminus region are observed, indicating an increase in chromosome number ). More recently, flow cytometry data indicate that overreplication occurs in spo0J mutants during exponential growth (Imai et al. 2000) . Spo0J might influence the frequency of initiation of DNA replication by bringing the origin proximal 20% of the chromosome together in a nucleoprotein structure that resists reinitiation. Separation and repositioning of the chromosome origin region appears to be more complex than plasmid positioning, and we expect that there will therefore be a number of proteins and DNA sites that ensure accurate origin region partitioning. Once the bulk of the two duplicated chromosomes have been partitioned, a bacterial cell still has a few terminus region-specific problems to solve before it has two complete and separate chromosomes.
Termination of DNA replication and separation of sister termini
Late in the cell cycle, long after the sister origins have taken up residence in opposite halves of the cell, the terminus region is finally duplicated. Recently, significant progress has been made in elucidating events required to complete replication and partition of the terminus region. Both B. subtilis and E. coli have replication termination proteins and cis-acting DNA sites, Ter, to ensure that DNA replication terminates in a region of the chromosome roughly opposite the origin (at ∼180°on a 360°circular chromosome) (for reviews, see Baker 1995; Hill 1996; Bussiere and Bastia 1999) . Although many circular genomes appear to have termination systems, it is the organization, and not the protein or DNA site, that appears to be conserved. Deletion of chromo-somal termination systems alone does not cause an obvious defect in growth or chromosome partitioning (Iismaa and Wake 1987). However, B. subtilis rtp (replication termination protein) mutations exacerbate the partitioning defects caused by mutations in other terminus-related partitioning systems (spoIIIE and ripX, see below), indicating that accurate termination of DNA replication facilitates accurate partitioning (Lemon et al. 2001 ). However, as described below, completion of DNA replication is not sufficient to guarantee two separate chromosomes.
Replication of circular double-stranded DNA results in topologically linked products that must be decatenated to complete partitioning (Fig. 4A) . In E. coli Topo IV, a type II topoisomerase encoded by parC and parE, is required for the final decatenation of sister chromosomes and is essential for cell viability (Kato et al. 1990; Adams et al. 1992; Peng and Marians 1993; Ullsperger and Cozzarelli 1996) . Homologs of parC and parE are present in many bacteria.
Homologous recombination between newly duplicated regions of sister chromosomes can produce chromosome dimers of circular chromosomes (Fig. 4B) . A dimer is obviously incompatible with chromosome partitioning. Many circular genomes, both bacterial and plasmid, encode dimmer-to-monomer resolution systems. Perhaps the best-studied chromosomal system is from E. coli in which two tyrosine site-specific recombinases, XerC and XerD, act on a specific DNA sequence, the dif site, located in the terminus region (Hill 1996) . Recently, the B. subtilis dif site and XerCD homologs, CodV and RipX, were identified and shown to function in dimer resolution (Sciochetti et al. 1999 (Sciochetti et al. , 2001 ). Deletion of the Xer-dif system from either E. coli or B. subtilis results in partitioning defects (Blakely et al. 1991; Kuempel et al. 1991; Sciochetti et al. 1999 Sciochetti et al. , 2001 Lemon et al. 2001) .
The end result of the Xer-dif site-specific recombination system must be the resolution of chromosome dimers. This could be accomplished by active separation of sister chromosomes after dimers are resolved by recombination, either RecA-mediated homologous recombination or Xer-mediated recombination at dif. In E. coli, there appear to be mechanisms that help to ensure that chromosome dimers are resolved and not created by XerCD activity at dif. dif recombination appears to depend on dimer formation, as no Xer activity is detected in recA null cells (homologous recombination requires recA) (Perals et al. 2001) . Additionally, FtsK, a protein required for cell division that is located at the leading edge of the invaginating division septum, is required for activation of the Xer-dif system, suggesting that a dimer must be trapped in the closing septum to activate Xer recombination (Begg et al. 1995; Liu et al. 1998; Yu et al. 1998; Recchia et al. 1999; Steiner et al. 1999 ). The Cterminal domain of FtsK is required for efficient dif sitespecific recombination (Recchia et al. 1999; Steiner et al. 1999) and is conserved in two B. subtilis proteins, SpoIIIE and YtpT (a protein similar to SpoIIIE, but with no known function). Despite this similarity, neither SpoIIIE nor YtpT appears to have a role in B. subtilis dif recombination (Sciochetti et al. 2001) . It is possible that B. subtilis ensures resolution of dimers by physically separating sisters after recombination.
Post-septation partitioning
Many bacteria appear to have a mechanism for postseptational partitioning, such that any chromosome that might be caught in the newly formed septum can still be successfully partitioned. Members of a family of proteins, represented by B. subtilis SpoIIIE and E. coli FtsK, localize to the leading edge of the septum and function as ATP-dependent DNA pumps (Wu and Errington 1994; Wu et al. 1995; Wang and Lutkenhaus 1998; Bath et al. 2000) . The amino-terminal domains of SpoIIIE and FtsK are required for localization to the leading edge of the division septum (Wu and Errington 1997; Wang and Lutkenhaus 1998) . The carboxy-terminal cytoplasmic domain of SpoIIIE tracks along DNA in an ATP-dependent manner in vitro (Bath et al. 2000) . This supports a model in which SpoIIIE and related proteins act as a pump to move chromosome(s) out of the closing division septum (Bath et al. 2000) . This mechanism is required during B. subtilis sporulation when the asymmetric sporulation septum forms with approximately one-third of a chromosome partitioned to the cell destined to become the spore (the forespore). SpoIIIE is required to complete partitioning of the rest of a chromosome into the forespore (Fig. 4C) (Wu and Errington 1994; Wu et al. 1995) . Most bacteria with a SpoIIIE homolog do not sporulate (e.g., E. coli). Although SpoIIIE is not required during exponential growth (medial division), it is important in situations in which the normal coupling between chromo- Factory model for DNA replication and partitioning some partitioning and division is perturbed (Sharpe and Errington 1995; Britton and Grossman 1999) . For example, a spoIIIE smc double mutant is synthetically lethal (Britton and Grossman 1999) . SpoIIIE-type proteins appear to serve as a backup mechanism used to salvage an otherwise terminal event when a partitioning failure leaves part of a chromosome caught in the division septum.
Summary
We have proposed that many bacteria harness the energy produced during DNA polymerization by a replication factory to facilitate chromosome partitioning. As illustrated in this review, a number of proteins and DNA sites, particularly those involved in chromosome organization and compaction, are needed for accurate chromosome partitioning. Partitioning of circular bacterial chromosomes can be considered to occur in several phases. First, newly duplicated origin regions move away from each other and away from the central replisome to opposite halves of the cell where they are then somehow maintained at or near the cell quarters. Second, the bulk of chromosomal DNA, which resides between the origin and terminus, is replicated, refolded, and partitioned. Third, DNA replication terminates, sister chromosomes are decatenated, dimers are resolved to monomers (when necessary), and sister termini move to either side of the division septum. After cell division, the process culminates with the repositioning of the terminus to mid cell.
There are many interesting and important questions to be explored in the next few years, including: (1) What DNA sites and proteins are responsible for origin movement and for positioning? (2) Are the sites and proteins used during exponential growth the same as those used during development or entry into stationary phase? (3) How is the terminus region positioned to mid cell after division? (4) What, if any, are the differences in partitioning between bacteria that are (B. subtilis, E. coli) and are not (C. crescentus) capable of multifork replication? (5) Are there differences in chromosome partitioning attributable to differences in the physical shape (e.g., rod vs. sphere) of bacteria? Perhaps one of the most elusive and interesting issues concerns the nature of positional information: How do bacteria know where to put things and how do they know where the middle, quarters, and eighths are?
One of the interesting features of work in bacteria is the vast evolutionary distances that separate model organisms such as E. coli and B. subtilis. We expect that a number of fundamental mechanisms are conserved over such distances, including the use of replication factories. However, it is equally anticipated that some of the details will be different. At first glance it is not always obvious when a mechanism is fundamental versus when it is more family specific. This can result in radically different models and useful debate.
B. subtilis and E. coli represent two families of bacteria that include a number of human pathogens. For example, B. subtilis is a member of the low G + C content family along with Staphylococcus, Streptococcus, Enterococcus, and Clostridia, whereas E. coli, itself a potential pathogen, belongs to the ␥-proteobacteria family along with Salmonella and Shigella. Our increasing understanding of chromosome partitioning and the cell cycle as a whole in these bacteria has begun to elucidate both important similarities and differences among eukaryotes. Where we find differences in critical cell cycle mechanisms, we also find potential drug targets.
It is apparent that many of the proteins and mechanisms that are conserved among bacteria are also conserved between eukaryotes and prokaryotes, for example, SMC and the replication factories. Therefore, studies of these basic processes in bacteria have the potential to provide insights into fundamental mechanisms for maintaining genomic integrity in all organisms.
